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ABSTRACT 
Sorghum (Sorghum bicolor (L.) Moench) is one of the 
important crops grown under the residual soil moisture 
situation during the post-rainy (rabi) season in India. 
Field studies were conducted at the ICRISAT center on 
dee vertisols on the effects of water stress on the growth 
a n l d r y  matter accumulation of sorghum. Leaf water PQ 
tential and stomatal conductance were measured diurnally 
on four dates during the growing season. 
Irrigated sorghum crop exhibited higher stomatal con- 
ductance and higher leaf water potentials as compared 
to the nonirrigated sorghum. Higher transpiration rates 
observed in the case of the irrigated sorghum could be 
explained by the increased net radiation measured over 
the irrigated canopy. Lower leaves in the sorghum canopy 
showed lower stomatal conductance. Irrigated sorghum 
plants showed higher leaf area index and greater dry 
matter accumulation than those of the nonirrigated SOT- 
ghum plants. There were significant differences in the 
final yield between the two treatments as reflected by less 
teritiary brancheslsecondaries, lower seed numberlpanicle 
and smaller seed size in the case of the nonirrigated sor- 
ghum. 
On a seasonal basis, the nonirrigated sorghum crop 
used 213 mm of water to produce 0.51 kg m-a of d ry  mat- 
ter, whereas the irrigated sorghum extracted 321 mm of 
water to produce 0.93 kg m-2 of dry matter. 
Additional kdex words: Leaf-water potential, Stomatal 
conductance, Leaf area index. Water use. 
LANT growth is the resultant of an effective in- P tegration of many factors. Restriction of growth 
may occur due to the limitation of any one factor; for 
example, water deficits in plants generally lead to 
reduced leaf water potentials and stomatal closure, as 
manifested from an increased leaf resistance to transpi- 
ration. The effects of depletion and replenishment of 
soil water on transpiration are of specific importance 
to water use and its efficiency in crop production. The  
relative rates of absorption and transpiration deter- 
mine a plant's internal water balance, which directly 
affects the physiological and biochemical processes of 
plant growth (Teare and Kanemasu, 1972). 
In  a field study, Ehrler and van Bavel (1967) showed 
that limited soil water availability led to increased 
daytime values of leaf diffusion resistance and de- 
creased evapotranspiration in contrast to the values for 
plants having water freely available. Working with 
wheat (Triticum aestiuum L.) in growth chambers, 
Frank ,et al. (1973) concluded that recovery of photo- 
synthesis in stressed plants was related to stomatal 
diffusion resistance at tillering and heading, but that 
photosynthesis never fully recovered to its pre-stress 
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levels. Photosynthesis of plants stressed at grain filling 
showed no  sign of recovery due to stress-induced senes- 
cence. Teare and Kanemasu (1972) asserted that even 
though atmospheric demand for water was similar for 
soybeans (Glycine max (L.) Merr.) and sorghum 
(Sorghum bicolor L.), sorghum was able to close its 
stomata more frequently than soybeans, reduce its 
transpiration, and thus conserve soil water. 
Sorghum is one of the important crops grown dur- 
ing the post-rainy (rabi) season in India. Crops grown 
in this season depend primarily on residual soil mois- 
ture, so it will be useful to understand the plant re- 
sponse to changing soil moisture environment. Charac- 
terization of the plant water stress by measuring the 
leaf water potential and conductance and by studying 
crop response to water stress in terms of the growth 
and dry matter accumulation of sorghum was the pri- 
mary objective of this study. 
MATERIALS AND METHODS 
The experiment was conducted at the ICRISAT Center near 
Hyderabad, India (17"32' N Lat 78"16' E Long) during the 
post rainy season of 1977 (October 1977 through February 1978) 
on a deep Vertisol. This is a very fine, clayey, montmorillonitic, 
calcareous, hyperthermic member of the family of typic PalIu- 
sterts. The upper limit of water availability, determined in 
situ, averaged 0.44 cms/cm3 and the lower limit averaged 0.27 
cms/cm3. 
The experiment was laid out in a randomized block design 
with three replications. Each replicate consisted of two 10- x 
20-m plots. One plot in each replication was irrigated on 18 
November and 17 December (29 and 58 days after planting) with 
8 and 11 cm, respectively. Sorghum CSH-8 was sown in 45-cm 
rows on 20 October. The final plant population was 180,000 
plantslha. 
Beginning 12 days after planting, abovc-ground whole plants 
from a 2.7-m2 area in  each plot were sampled at 8- to 10-day 
intervals. After plant height was measured, each plant was sep- 
arated into leaves, stems, and heads. Leaf area of a subsample 
was measured with an automatic leaf-area meter (Hayashi 
Denkoh Co. Ltd., Tokyo, Japan)s. Plant parts were dried to 
constant weight in a forced draft oven at 65 C and weighed. 
Stomatal rwistance measurements were taken with a diffusion 
porometer L' Iibrated before each set of field measurements. 
Resistance measurements were taken from 0600 to 2000 hours 
at hourly intervals on four dates during the growing season. 
At each time interval, measurements were taken in the irri- 
gated (I) and nonirrigated (UI) plots on adaxial (Rad) and 
abaxial (Rab) sides of five different leaves in three stratified 
layers within the canopy. The total leaf resistance was 
calculated as: 
Stomatal conductance is expressed as the reciprocal of the leaf 
stomatal resistance. 
Leaf water potentials were measured with a pressure chamber 
(Scholander et al., 1965). Daily values of maximum and mini- 
mum air temperature, precipitation, open-pan evaporation, and 
wind speeds were measured in a standard weather station 250 m 
southwest of the plot arcas. Incoming solar radiation was 
measured at hourly intervals with a pyranometer sensor (LI- 
ZOOS, LAMBDA Instruments Corporation, Lincoln, Nebr)8 at- 
tached to an LI-500 integrator. Wet and dry bulb temperatures 
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Table 1. Meteorological parameters during the postrainy season 
at ICRISAT Center, 1977. 
Avg. temperature 
Total Avg. Avg. Avg.pan 
Max- Min- precipi- 24-hour solar evapora- 
-C- cm kmlhour lylday cmlday 
Month imum imum tation winds radiation tion 
20Oct. 31.2 17.9 6.7 474 0.61 
Nov. 29.1 20.5 2.78 9.4 346 0.45 
DW. 27.6 12.9 0.20 6.6 377 0.47 
Jan. 27.9 15.8 0.07 8.9 240 0.48 
6 Feb. 28.5 18.1 0.28 12.3 363 0.57 
were recorded at  hourly intervals using an Assman type psychro- 
meter. Hourly values of windspeed were recorded with a 
counter system attached to a sensitive anemometer (Science As- 
sociates, New J e r ~ e y ) ~  mounted 1 m above the canopy. Hourly 
values of net radiation were obtained from two SWISSTECO 
net radiometers mounted 1 m above the sorghum canopy in the 
irrigated and nonirrigated plots. 
A neutron probe was used throughout the growing season 
to measure moisture depletion from the soil. Measurements were 
made a t  2% 37-, 52-, 67-, 82-, 97-, 112-, 142-, 157.. 172-, and 187- 
cm depths at  four locations in each plot in the three replications. 
Gravimetric measurements were taken in the top 2 cm of soil. 
Volumetric moisture content values for each treatment are 
averaged over 12 neutron readings. 
RESULTS AND DISCUSSION 
T h e  plots were sown on 20 October. A 17-mm rain 
on 1 and 2 November helped to establish a good stand. 
A summary of th,e meteorological data for the grow- 
ing season is presented in Table l .  December, January, 
and February were characteristically dry. Because only 
5 mm of rain fell during these months, the nonirrigated 
plots experi,enced severe water stress, especially during 
January. 
Changes in available soil water (mm) in different 
soil depths during the growing season in the irrigated 
and nonirrigated plots are plotted in Fig. l a  and lb. 
The  first irrigation of 8 cm was given on 18 November, 
29 days after planting. The  second irrigation of 11 cm 
was given 58 days after planting, on 17 December. The  
differences in available water contents in different 
layers of soil between the two treatments are quite 
apparent, especially after the irrigation. The  data pre- 
sented show that in the irrigated plots a significant 
amount of water is available in the top 82 cm of soil 
depth. In  the case of nonirrigated sorghum, rapid ex- 
traction was observed in the top 82 cm during the first 
55 days after planting. Starting from 33 days after 
planting, the top 0- to 22-cm layer showed no  available 
water. During the period of 22 November to 16 De- 
cember, irrigated sorghum ,extracted 118 mm of water 
from the 187-cm soil profile, as opposed to only 64 mm 
by the nonirrigated sorghum4. 
Although measurements were taken in all four sets, 
only those two sets of stomatal conductance and water 
potential measurements taken on 20 December and 16 
January are presented here to delineate the effects of 
differential water extraction rates of the irrigated and 
nonirrigated sorghum. The  diurnal variation in the 
4M. B. Russell and Sardar Singh. 1978. Water use by maize, 
sorghum, pigeonpea, and chickpea from a deep Vertisol. Sub- 
mitted for publication. 
microclimatic data as related to stomatal conductance 
and leaf water potential on 20 December is plotted in 
Fig. 2. The  data establish clear differences in the 
stomatal conductance and leaf water potential be- 
tween the two treatments. Irrigated sorghum exhibited 
higher stomatal conductance with values > 0.5 cm/sec 
during most of the day, indication, perhaps, of better 
photosynthetic activity than the nonirrigated sorghum 
canopies which showed stomatal closure much earlier 
than the irrigated sorghum plants. Irrigated sorgh um 
leaf water potentials never exceeded -13 bars; the 
nonirrigated sorghum showed leaf water potentials 
lower than -15 bars from 1000 to 1700 hours. With 
increasing energy flux, the leaf water potentials in 
both the treatments decreased up  to 1300 hours. A 
slight lag between the drop in the energy flux and 
recovery of leaf-water potentials could be observed. In  
case of irrigated sorghum, stomatal conductance 
showed a close relationship with the diurnal changes 
in the incident radiation. This relationship was not 
observed in the non-irrigated sorghum canopy. Sim- 
ilar relations between conductance and radiation were 
recorded by Turner (1974) with sorghum and Siva- 
kumar and Shaw (1978a) with soybeans. 
Diurnal variation in the net radiation over the irri- 
gated and nonirrigated sorghum canopy on 20 De- 
cember is shown in Fig. 3. Irrigated sorghum canopy 
showed higher net radiation than the nonirriga ted 
sorghum because of lower albedo and surface tempera- 
ture. Integrated over the day, the difference in net 
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Fig. 1. Change in available soil water i n  different layers :IS a 
function of time during the growing season for (a) nonirrigat- 
ed sorghum and (b) irrigated sorghum. 
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radiation between the two treatments is about 31 ly/ 
da, which could account for more than 0.5 mm of the 
higher transpiration rate in the irrigated sorghum 
as compared to the nonirrigated sorghum. Higher 
transpiration rates were recorded in the case of irri- 
gated sorghum by Russell and Singh4. 
Time of day has significant effect on stomatal activ- 
ity. Fig. 4a shows the diurnal variation in stomatal 
conductance in different layers in nonirrigated sor- 
ghum. Stomatal conductance in the 30- to 60-cm layer 
rarely exceeded 0.3 cm/sec, whereas the leaves in the 
60- to 90-cm layer consistently showed less than 0.1 
cm/sec. Teare and Kanemasu (1972) and Turner 
(1974) also showed that lower leaves in the sorghum 
canopy had higher resistance values. In  the top 
canopy layers, stomata opened early in the irrigated 
plots and were open until 1600 hours (Fig. 4b). Diur- 
nal variations in the bottom 30- to 60-cm and 60- to 
90-cm layers showed conductance values much lower 
in magnitude than those of the top layer. Sorghum 
leaves in the bottom 60- to 90-cm layer did not show 
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Fig. 2. Diurnal variation in the wind speed (W) Air tempera- 
ture (T,,), and radiation (R,) as related to stomatal conduc- 
tance and leaf water potential on 2 days, for irrigated (I) 
and nonirrigated (UI) sorghum. 
conductance values >0.3 cm/sec, probably due to the 
lower radiation at that level. 
The  leaf-area index (LAI) and dry matter accumu- 
lation data in Table 2 for the period 22 November to 
16 December also show the advantage of the better 
water supply for the irrigated sorghum. The  irri- 
gated sorghum plants were taller and showed higher 
leaf area index and greater dry matter accumulation 
rates than those of the nonirrigated sorghum plants. 
Water extraction by irrigated sorghum from 22 No- 
vember to 8 December and 8 to 16 December were 61 
and 56 mm, compared with only 35 and 28 mm for 
the same intervals for the nonirrigated sorghum. The  
higher stomatal conductance and less negative leaf 
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Fig. 4. Diurnal variation in the leaf conductance in different 
layers within the canopy for (a) nonirrigated sorghum and 
(b) irrigated sorghum. 
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Fig. 3. Diurnal variation in the net radiation over an irrigated and nonirrigated sorghum canopy on 20 Dec. 1977. 
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water potentials were associated with the higher dry 
matter production rates of the irrigated plots because 
plant turgidity is important in relation to the opening 
and closing stomata, expansion of leaves and flowers 
and movement of water and nutrients to various parts 
of the plant (Kramer, 1969). 
A second irrigation of 11 cm was given on 17 De- 
cember. Except for a 0.7-mm rain on 10 January the 
period from 20 December to 2 February was complete- 
l y  dry. Total water extraction from 17 December to 
16 January was 117 mm from the irrigated plots, 
whereas the nonirrigated sorghum plants extracted 96 
mm during that period. The  rate of extraction by the 
irrigated sorghum was similar to that of 22 November 
to 6 December. The  nonirrigated sorghum showed a 
slightly higher rate than that of the earlier period. 
Diurnal variation in the stomatal conductance and 
leaf water potential for 16 January is also shown in 
Fig. 2. Stomatal conductance of the irrigated sorghum 
plants increased up to 1100 hours but showed a steep 
decline afterwards. The  conductance for the nonirri- 
gated sorghum plants remained low throughout the 
day. Leaf water potentials of -22 bars after 1000 
hours showed that the nonirrigated sorghum was under 
severe water stress. Irrigated sorghum showed a con- 
tinuous decrease in leaf water potential up to a value 
of -18 bars at 1500 hours. Afterwards there was a 
slight daytime recovery in leaf turgor. Such a recovery 
was less evident in the nonirrigated sorghum plants. 
Stomatal conductance of the irrigated plants followed 
closely the diurnal pattern of the incoming radiation, 
indicating that the stomata were not completely clos,ed. 
But the diurnal curve for the nonirrigated sorghum 
showed no such relationship, thereby showing com- 
plete stomatal closure. This conclusion was corrobo- 
rated by the fairly constant leaf water potentials. It 
appears, therefore, that under severe water deficit, in- 
ternal water status rather than atmospheric demand 
controlled the diurnal fluctuations in leaf water po- 
ten tials5. 
Diurnal variations in the leaf conductance on 16 
January in different layers within the canopy of irri- 
gated sorghum are shown in Fig. 5b. It is apparent 
6M. V. K. Sivakumar and R .  H. Shaw. 1978. Plant water 
relations of soybeans as related to microclimate under moisture 
stress. Unpublished manuscript. 
that stomata were less active than they were on 20 
December (Fig. 4b). Leaves in the 60- to 90-cm layer 
showed complete stomatal closure. In  nonirrigated 
sorghum striking differences in stomatal activity be- 
tween 20 December and 16 January could be seen (Fig. 
4a and 5a). By 16 January, most of the leaves in the 
30- to 60-cm canopy layers in the nonirrigated plots 
were dry. Even the leaves in the top 30-cm layer were 
partially dry and showed some stomatal closure. 
Growth data (Table 2) for the 30 December to 16 
January period showed significant differences between 
the irrigated and nonirrigated sorghum. Leaf area 
index and leaf dry weights of irrigated sorghum were 
higher. The  differences in the dry weight of heads 
were even more pronounced; the weight of head of 
the irrigated sorghum was twice that of the nonirri- 
gated crop. The  total dry weights also showed highly 
signiiicant differences between the two treatments. 
The  crop was harvested on 6 February. Irrigated 
sorghum grain yields were 5,990 kg/ha compared to 
2,430 kg/ha for the nonirrigated crop. The  major com- 
ponents of yield which were significantly affected by 
drought in the case of the nonirrigated plots were 
teritixry branches/secondaries, seed number/panicle, 
and seed size. The  degree of reduction in these com- 
ponents over the irrigated plots was 46, 26, and 28'7,, 
respectively. 
CONCLUSIONS 
Data presented in this study bring out the im- 
portance of the availability of a few additional cm 
of water to a sorghum crop under water stress and 
the benefits that could be accrued from such wai.er 
applications. The  modifications in the stomatal be- 
havior and leafwater potential brought about by sup- 
plemental irrigation resulted in substantially high 
growth rates and yield. Sivakumar and Shaw (1976b) 
showed that soybean growth rates were related to 
stomatal conductance and leaf water potential. 
Under conditions of moderate water availability, the 
stomates of most plants open when the sun rises and 
remain open until sundown. But under moisture stress 
(when an imbalance develops between supply and de- 
mand for water), guard cells become less turgid and 
stomates begin to close. With the resultant decreasing 
supply of COn to the photosynthesis sites, there is a 
Table 2. Height, leaf area index, and dry matter accumulation of irrigated (I) and nonirrigated (UI) sorghum during the growing season, 
ICRISAT Center. 1977. 
Dry matter 
~~ ~ 
- Height Leaf area index Leaf Stem Head Total Days after 
planting I UI I UI I UI I UI I UI I UI 
12 
20 
30 
40 
51 
60 
69 
79 
88 
100 
- cm ~ 
- 
- 
- 
115.3 
125.7 
140.0 
170.3 
167.7 
168.3 
0.01 0.01 
- 0.49 0.45 
1.44 1.80 
2.56 2.78 
107.3 2.60 2.21 
94.3 2.70 2.42 
100.7 2.35 2.10 
97.0 3.49 3.08 
101.7 3.22 2.08 
98.3 1.02 0.31 
0.8 0.8 
12.7 14.1 
43.4 58.7 
102.4 107.3 
115.3 100.1 
132.6 119.6 
136.3 121.3 
170.5 129.2 
178.6 120.8 
144.7 117.0 
0.8 
8.7 
37.2 
90.1 
179.5 
231.9 
308.7 
367.8 
372.7 
274.1 
~ glml - 
0.8 
9.3 
37.8 
125.6 
154.4 
196.4 79.3 
243.1 95.5 
263.9 203.9 
211.9 379.9 
170.7 509.0 
73.1 
89.7 .~ 
176.5 
177.9 
290.0 
1.6 
21.4 
80.6 
192.5 
294.8 
443.8 
540.5 
742.2 
931.2 
927.8 
1.6 
23.4 
9 6 I  
2322 
254.5 
389.CI 
454.1 
569.e. 
510.e. 
577.7 
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Fig. 5. Diurnal variation in leaf conductance in different layers
within the canopy for (a) nonirrigated sorghum and (b) irri-
gated sorghum.
decrease in the photosynthetic activity, resulting in
slow dry matter accumulation.
The first irrigation was given on 18 November (29
days after planting). The water-use efficiency was
extremely low. Ritchie (1974) observed that growth
rates at this stage were slow and a relatively large
fraction of the evaporative flux was from the soil
surface in comparison to the amount from plant sur-
faces. Shipley et al. (1971) reported that in irrigated
grain sorghum, dry matter production was slowest from
emergence to the six- to eight-leaf stage and from
bloom to milk stage and was most rapid during the
early to late boot stage. The second irrigation was
given at heading. Growth rates were higher and grain
yield was maximum in the irrigated plots because of
the 11 cm of supplemental water. Musick and Dusek
(1971) also found that in the Texas high plains a single
10-cm irrigation applied at heading or milk stage gave
maximum yields. Szeicz et al. (1973) also noted that
by means of irrigation to maintain stomatal resist-
ance to a minimum, it is possible to increase yields
by about 100%, significantly improving the efficiency
of water use. Rainfall during the growing season was
very low and, in the case of stressed sorghum, dry
matter production and grain yields were low because of
low rates of stomatal conductance and reduced trans-
piration. Similar observations were recorded by Rit-
chie and Burnett (1971).
On a seasonal basis in the present study, the nonirri-
gated sorghum crop used 213 mm of water to produce
0.51 kg m~2 of dry matter, whereas the irrigated sor-
ghum extracted 321 mm of water to produce 0.93 kg
m~2 of dry matter. Szeicz et al. (1973) observed that
average sorghum crops in Texas use about 320 mm of
water throughout the growing season to produce
around 0.8 kg dry matter/m.
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